A new variation of the off-plane Ebert-Fastie spectrograph is described in which a Newtonian folding arrangement is mounted between the collimator/camera mirror and the grating. This arrangement removes the sagittal and tangential astigmatism and coma of the classical Ebert-Fastie, allowing the design to be extended from a monochromator to CCD spectroscopy. The Newtonian modification (which includes a spherical collimator/ camera) results in a point-spread function that is nearly isotropic across the field of view, well suited to spectroscopic studies of stellar objects. This spectrograph is the dedicated science instrument of the Georgia State University 1 m Multiple Telescope Telescope.
INTRODUCTION
In the mid 1990s, a novel telescope was taking shape at Hard Labor Creek Observatory (HLCO) east of Atlanta, Georgia. This instrument, the Multiple Telescope Telescope (MTT), was part of a project to construct a spectroscopic instrument to pursue the interests of the authors and colleagues (Bagnuolo et al. 1990 ). The design, construction, and operation of the MTT is described elsewhere (Barry 1995; , but, in essence, the MTT is a multiple-mirror instrument. Each mirror is coupled to a separate fiber optic cable mounted at prime focus, so each of the nine primary mirrors acts as a separate telescope; the fibers are then routed to the dedicated spectrograph. As the only science instrument, the success of the entire project depends on the spectrograph to be as efficient and flexible as possible in order to allow the MTT to study a wide array of phenomena.
The science interests of the group, mainly spectroscopic measurements of interacting massive binary systems, suggested that the resultant spectrograph should have a flexible design allowing a variety of resolutions and wavelengths to be examined, but primarily medium resolutions ( -30,000) . In R p l/dl p 10,000 combination with this, the instrument needed to be flexible enough to allow for observation of several separate wavelength regimes in varying resolutions during a night of observations. The spectrograph also was required to be efficient (so that a maximum amount of science could be achieved with the 1 m MTT effective aperture) and inexpensive (in keeping with the MTT design philosophy). Several possible instrument designs could meet these requirements, but one of the team members had collaborated on a spectrograph for the Cananea 2.1 m telescope that fulfilled the requirements (Furenlid & Cardona 1988) , so that design was selected as the starting point.
The Cananea spectrograph is a Fastie variant of the classical Ebert spectrograph design (Fastie 1952) . As with the MTT, the Cananea spectrograph is fiber fed, with fiber and resolution requirements similar to those for the MTT, so the spectrograph was initially copied verbatim. However, the initial tests of the prototype revealed aberrations in the design, aberrations that were reproducible in a ray-trace analysis. Removing these artifacts resulted in a spectrograph well suited to radial velocity or line profile studies as well as an efficient, stable, and highly effective system.
DESIGN
Designing a new astronomical instrument from nothing is, usually, a process of searching for an optical design that exists and fulfills the requirements and then adopting it directly or with modifications. Such was the story with this project, although the modifications in this case turned out to be interesting (and challenging!).
Initial Meanderings
The basic Ebert spectrograph, first described in Ebert (1889) , is similar to the Czerny-Turner design, with the unusual feature that the instrument shares the camera and collimator mirror (Schroeder 2000) . There are many advantages to this design, chief among them simpler optical alignment procedures and fewer optical elements; the ruggedness of this design has led to many space applications (Fastie 1991) . Ebert described two versions of his spectrograph: an "in-plane," in which the dispersion was in the plane of the principal ray of the spectrograph and the grating grooves perpendicular to this plane, and an "off-plane," with the converse arrangement; both used a spherical mirror for the collimator/camera. An improvement of this design was developed by Fastie (1952) , where he used a parabolic mirror in order to avoid spherical aberrations; Fastie has also produced a history of this design type, a design that is underutilized in modern (ground-based) astronomical instrumentation (Fastie 1991) .
The initial MTT spectrograph design was based on an offplane Ebert-Fastie spectrograph (Fastie 1952) , which was used as the design for the spectrograph at the Cananea 2.1 m telescope in Chihuahua, Mexico (Furenlid & Cardona 1988) ; Figure 1 is an optical layout of this design. The Fastie and Cananea spectrographs both use parabolic mirrors. Fastie's initial design was in a monochromator application and had curved slits for input and output. Furenlid & Cardona adopted this basic design to a fiber-fed spectrograph, with a linear input slit (composed of the fibers) and a CCD output.
All of these designs use the collimator/camera mirror substantially away from its principal axis. An analytical treatment of these designs by Furenlid & Cardona, using the formalism of Seidel coefficients carried to third order, predicted a cancellation of off-axis terms because of the symmetry of the arrangement and a relatively aberration-free central field of view. However, this was not realized in practice.
A sample spectrum taken with the MTT prototype spectrograph, fiber fed by the 16 inch telescope at HLCO, displayed large aberrations: astigmatism in both sagittal and tangential focus, and coma outside of the central portions of the CCD, were observed. In retrospect, these aberrations are the reason that Fastie used curved slits, as well as why he operated his Ebert-Fastie spectrograph as a monochromator (since the coma outside of a narrow central wavelength region was large). Because we were unable to reproduce the curved input and output slits of the Ebert-Fastie with the fiber optic and CCD arrangement, it was necessary to find an alternate solution for the optical woes of the instrument.
Frenzied Analysis and Improvement
In order to explore the optical problems with the prototype, it was simulated with the BEAM4 package (Stellar Software, Inc.), using a Monte Carlo approach. The results of these simulations for the center of the field of view are presented in Figure 2 and show a significant astigmatism-like behavior. The focus optimized to maximize resolution produces intolerable transverse blurring, making it impossible to maintain the integrity of the different fiber apertures in our reconstructed slit. Similarly, a focus chosen to maintain the integrity of the fiber apertures intolerably degrades the spectral resolution. Furthermore, the projected slit rotates with the off-plane rotation angle of the grating (Fig. 3) . This would require an expensive modification of the detector mount, allowing it to rotate an appropriate amount.
In order to minimize the aberrations, we decided to modify the initial design by moving the optical path more nearly onaxis. The simplest method to do this with the prototype was to place a post between the grating and the collimator/camera, with two flat mirrors mounted on the post. The fibers were then mounted to direct light to the first flat, and the second flat directed the light (after reflection off the grating) to the CCD. This design, shown in Figure 4 , resembles a Newtonian telescope (or two, each sharing the primary mirror and looking at a grating instead of the sky), from which the "NewtonianEbert" moniker is derived.
Since the Newtonian mirrors subtend the beam near focal points, they do not need to be large and therefore present a small obscuration to the collimated beam encountering the grating. Although they add two more reflections to the system, light losses were minimized with high-reflectivity coatings on the mirrors. Because classical astigmatism varies as the square of the off-axis angle, we expected that this change, reducing the off-axis distance from 100 to 10 mm at a distance of 1 m from the collimator/camera (an off-axis reduction of a factor of 10), would dramatically improve the performance of the design. As an added bonus, the collimator/camera mirror diameter could be reduced from 320 to 200 mm, and the new design used the mirror surface more efficiently (80% coverage compared to the 50% of the Ebert).
These modifications corrected the astigmatism of the system, but we were still left with the effects of coma. Although this did not affect the Fastie spectrograph, we intended to use spectral lines across the entire field of view for radial velocity or line profile studies, so the minimization of comatic effects was deemed important. To achieve this, we returned to history and modified the original design by substituting a spherical collimator/camera for the parabolic mirror (Barry 1995) . Figure 5 shows a comparison of the point-spread function (PSF) between a parabolic (top) and a spherical (bottom) mirror for this spectrograph. The FWHM of the spectrograph PSF shows aberrations of under 4 mm on-axis when a parabolic mirror is used. However, the coma increases linearly with offaxis distance, exceeding 40 mm by the edge of the detector (which is 27 mm in length). Although the PSF of this design is smaller than that of the injection aperture (100 mm fibers, which subtend an "effective" 70 mm FWHM), we were concerned that the variation and asymmetry of the PSF across the field of view (FOV) of the detector might introduce variations in the measured radial velocities depending on the distribution of features with off-axis distance in the spectrum. The substitution of a spherical mirror produces a spherically aberrated image with almost identical magnitude, and the remaining effects from coma are dominated by the spherical aberrations (Fig. 6) . Furthermore, this aberration is of similar magnitude to the comatic aberrations at the edge of the FOV for a parabolic system. The symmetry and constancy of the aberrational PSF across the FOV, coupled with its small size compared to the fiber injection diameter, creates a combination especially suited for radial velocity or line profile work.
We did a series of additional simulations with the ZEMAX package (Focus Software, Inc.) to explore the ultimate performance of this design. In particular, we are interested in the blur spot size as a function of on-and off-axis distances. We obtained a grid of 20 simulations (with the "15 ring, dithered" program option), resulting in about 400 rays each. The five along-dispersion separations were in 100 Å intervals starting at 5500 Å (on-axis at 19Њ .2695 tilt angle with a 600 groove mm Ϫ1 grating); this produced along-dispersion separations of about 12.75 mm. The perpendicular to dispersion separations were at intervals of about 8.75 mm, corresponding to angle increments of 0Њ .5. Figure 7 shows the rms blur spot size for this case as a function of along-dispersion (x-axis) and perpendicular-to-dispersion (y-axis) distance. The blur spot size is well fitted by the simple function 2 2 s p 28.884 ϩ 0.020111x ϩ 0.03627y .
If we arbitrarily set a goal of limiting the optical blur to the fiber diameter, or mm, then we see that 32 mm along s ! 50 the axis (or a 64 mm length) is the ultimate limit of this device, used in the current mode. If the system were modified to an echelle format, then a mm format could be accom-50 # 35 modated. We also considered the case of a higher grating tilt (tilt angle of 41Њ .300 at 5000 Å on axis, sampled at 30 Å intervals, increments of 9.63 mm in the x-direction and 0Њ .5 in the y-direction). The rms blur spot size is given by 2 2 s p 27.524 ϩ 0.01813x ϩ 0.03654y (2) in this case, a result slightly better than the previous. The basic conclusion is that this is a versatile, simple design that could cover a wide-format CCD. Of course, an obvious solution to this problem would have been to remake the spectrograph as an in-plane, classical Ebert spectrograph when the aberrations were discovered in the prototype. Although we have not simulated the in-plane Ebert, we do not expect that there would be many advantages over the final Newtonian-Ebert design. The obscuration from the fold mirrors (and their support) is a very small light loss, as are the extra reflections from the fold mirrors. In contrast, they create a design that uses the collimator/camera more efficiently, as well as allowing for a more compact instrument. It was also much simpler to modify the prototype MTT spectrograph in this way rather than into an in-plane Ebert; it would have required rotating the (movable) grating support 90Њ, which creates a large mechanical design problem. It must also be noted that Ebert instruments are almost always used in a monochromator mode (Schroeder 2000) , so there was no guarantee that other optical aberrations would not surface upon switching to the in-plane Ebert. In the final implementation, the simplest modification to the prototype resulted in the most advantageous solution to the problem.
IMPLEMENTATION
The discussion of the optical properties of this modified design would not be complete without a discussion of the resulting instrument. Here we examine the mechanical design and operation of the Newtonian-Ebert spectrograph in its final configuration as the dedicated instrument for the MTT.
Mechanical Overview
The Newtonian-Ebert spectrograph design as implemented is shown in Figure 8 . The spectrograph was built along with the MTT and along the same lines, primarily to construct an efficient system inexpensively. The spectrograph is assembled on a truss plate of 15.87 mm aluminum, mm, and 1524 # 508 reinforced with 50.8 mm angle irons secured to the bottom edges of the plate to minimize bending. The slit of the spectrograph is composed of the fibers from each of the nine MTT mirrors, where each fiber subtends 6Љ on the sky. The fibers are input into the spectrograph after traveling 20 m through an underground conduit from the telescope (resulting in an f/7 input beam). These fibers are of 100 mm diameter and therefore produce an injection aperture FWHM of roughly 70 mm at the spectrograph. The fiber ends, previously potted in stainless steel jacketing and polished, are clamped in a brass alignment fixture that includes a two-axis Daedal micrometer positioning stage, permitting axial and translational movement of the slit. Two additional fibers are routed from a sealed box that contains flatfield and wavelength calibration lamps and are mounted on either side of the telescope fibers.
After injection, the beam passes through a blocking filter and then strikes the first Newtonian mirror (18 mm width, 12.7 mm height) and is directed to the collimator/camera mirror. This mirror (spherical, 200 mm diameter, 1.04 m focal length) redirects the light to the grating assembly (see § 3.2). The grating is mm and reflects the light back to the collimator/ 154 # 128 camera, which then focuses the light onto the second Newtonian mirror (18 mm width, 50.8 mm height). From there, the light is directed onto the CCD; the CCD mount includes a rotation stage so that the dispersion direction can be grossly aligned along the long axis of the chip. With a CCD detector possessing 27 mm pixels, the ideal three-to-one sampling of the input aperture is achieved with a spectrograph of equal camera and collimator focal lengths (i.e., one that does not magnify or demagnify the entrance aperture). Ebert's original design used only about 50% of the collimator/camera optical surface, whereas the modified Newtonian design uses about 80% of the surface and completely fills the grating.
From Figure 8 , the position of the Newtonian mirror stalk would seem to imply that it could cause problems (such as secondary reflections) because of its position in the beam path between the collimator/camera mirror and the grating assembly. However, steps are taken to ensure that there are no scattered light problems associated with the stalk. A mask is mounted lengthwise on the stalk to prevent injected light that misses the first Newtonian mirror from continuing on to the CCD. An occulting pencil is mounted in front of the collimator/camera mirror; this removes light from the beam that would otherwise hit the second Newtonian mirror and reflect onto the CCD. The spectrograph itself is well shielded from light leaks.
The detector system was purchased from Wright Instruments, Ltd., in 1996 and consists of an EEV chip with 1024 # 256 27 mm pixels. This chip is thinned and back-illuminated for good quantum efficiency in the blue (reaching 75% at 500 nm). The dark (thermal) current is only 0.003 e Ϫ (pixel s) Ϫ1 at its operating temperature of 200 K with the multiphase pin configuration, and the read noise is about 3.5 e Ϫ . Currently, the CCD is controlled by the (venerable) Wright software under Windows95; for greater reliability and system integration with the MTT, a new Linux-based version is under construction.
Gratings and Filters
The grating assembly must rotate in a reproducible manner in order to align the spectrograph consistently to the desired wave band for observations. The grating assembly rotation is controlled by a Daedal microstepper motor operated by custom software run through the spectrograph control computer via the parallel port. A fixed slow home search speed is used by the software to initialize grating position (set by a fiducial sensor), both at power-up and each time the grating position is changed.
No difference in shaft position to the 5Њ level is noted after fixed-speed shaft homing, corresponding to reproducibility in grating angle of 0Њ .1. Table 1 shows the four gratings available for use with the spectrograph; these gratings were chosen for their performance in spectral areas of interest, and other gratings could easily be added to the system for more flexibility. Table 2 shows the spectral coverage and resolutions possible with the gratings; the resolutions quoted represent a 60 mm resolution element, or about 2.22 pixels. Resolutions range from low dispersion with the 50 groove mm Ϫ1 grating to medium and high dispersions with the other three gratings; there is a factor of 100 in dispersions, signifying how flexible the basic design is. Therefore, the system can accommodate a variety of projects, although so far we have concentrated our efforts on observing massive binary systems in the medium-and high-dispersion regimes.
The supplied filters halt order overlap in the system. Originally, it was thought that two filters would be required to remove the red and blue leak in the spectrum, but detailed analysis demonstrated that a single filter (high or low pass) would suffice. Six filters are sufficient to accommodate all areas of interest and are mounted in a rotating wheel between the fiber slit and the first Newtonian mirror. Each wave band is associated with a "standard" filter, so that observers always use the same system as is used in the calibration spectra.
Calibration and Alignment
Wavelength calibration is achieved through a system of thorium-argon library spectra (compiled separately from the science spectra) and Th-Ar spectra recorded simultaneously on the CCD with the science spectra. A calibration box is mounted underneath the spectrograph table; this box contains the flatfield lamp and a Th-Ar hollow cathode lamp. Two fibers are routed from this light-tight box to the spectrograph and bracket the science fibers from the telescope (with a spacer between the reference and science fibers). The Th-Ar source was chosen because of excellent atlases and line lists available in IRAF reduction routines (Willmarth 1987) . Data reduction of the frames and combination of the separate apertures are accomplished through IRAF routines, both original and modified from the Wisconsin-Indiana-Yale-NOAO Hydra spectrograph package (Barden & Armandroff 1995) .
Spectrograph alignment is achieved through an iterative process whereby an He-Ne 6328 Å laser is directed through the two reference fibers. Initially, the spectrograph as an entire assembly must be aligned with the grating in the vertical position (zeroth order). After an initial alignment, only the gratings will require realignment; in the entire time that the spectrograph has been in operation, it has required only a single realignment (necessitated by an errant hand during an open house). The gratings are mounted in holders that control their alignment; grating position is first adjusted in zeroth order, and then the skew (rotation of the grating grooves) is adjusted. Positioning the zeroth-order laser spectrum on the CCD is relatively easy, but the skew adjustment is more difficult; if this second adjustment is not optimized, the position of the spectrum in the focal plane will move laterally as different wave bands are selected or even as an identical wave band at different orders is selected. Fortunately, the grating holders stay relatively well aligned after removal and reinstallation, allowing for several spectrograph configurations depending on the observation project.
PERFORMANCE
The overall performance of the MTT/Newtonian-Ebert system can be estimated from recently obtained spectra of Aldebaran (a Tau, HD 29139, ) . In 5 minute exposures of a Tau, V p 0.85 in the 5800 and 6600 Å wave bands (600 groove mm Ϫ1 grating at a dispersion of 0.19 Å pixel Ϫ1 ), a signal-to-noise ratio (S/N) of 650 pixel Ϫ1 was achieved, or an S/N of almost 1000 per resolution element. The S/N is calculated using the following formula:
where j are the average counts gathered in the final spectrum before continuum normalization and the factor of 5 comes from the conversion of detected electrons to photons. This S/N is a preliminary value and more of a throughput measurement, but it is very helpful in determining the quality of the spectrum. Such a long exposure, and high S/N, for a bright object is made possible because the spectra from each mirror are projected separately onto the CCD (an MTT spectrum covers 75 pixels instead of a handful). A similar exposure on a dimmer object (29 CMa, HD 57060, ) achieved an S/N of 116 per V p 4.95 resolution element (at an altitude of approximately 25Њ). Lower S/Ns are achieved when the 1200 and 2160 gratings are used because of their higher dispersions, and longer exposure times are used to compensate. The entire telescope/spectrograph system regularly achieves an efficiency of roughly 0.6%-1.5%. It is hard to determine the efficiency of each element separately since their design is so entwined (and we believe that any deficiencies in efficiency arise from difficulties in the MTT); an upcoming discussion of the telescope will examine this aspect of the combined system (R. L. Riddle et al. 2002, in preparation) .
Radial velocity accuracy is very important in this design because most of the science projects are interested in orbits or flows around binary systems. We have achieved admirable radial velocity accuracy with the system, using only the basic IRAF reduction system. Observations of radial velocity standards, using the same configuration as for the a Tau spectra above, have demonstrated an accuracy of a 2-300 m s Ϫ1 ; higher accuracy is possible with the higher dispersion gratings. We have also tested telluric line calibration methods, which have demonstrated an accuracy of about 40 m s Ϫ1 (Kamper & Fernie 1998) . The stability of the spectrograph is also a critical issue because it would be impossible to do any science if the spectrograph were not stable on both the short and long term. In the short term, the largest effect on the stability is caused by temperature. We have measured a drift of 1.74 pixels ЊF Ϫ1 of temperature shift within the spectrograph enclosure. This could cause a calibration problem between frames, but that is largely mitigated because of the Th-Ar calibration spectra collected with the science spectra on the same CCD frame. However, during a normal observing night, the temperature in the control room (where the spectrograph is located) can change by as much as a degree per hour if measures to stabilize the room temperature are not undertaken (which they are). This large shift can cause drifts of about 0.58 pixels (0.11 Å or 5 km s Ϫ1 ) in the longest exposures of 20 minutes when using the 600 groove mm Ϫ1 grating in the red. This is the maximum error we can expect because temperature shifts that large are common only on hot summer nights. Passive control of the temperature is possible and reduces this error by a factor of 2-5, and we are investigating an active cooling system with a limit of 0Њ .1 hr
Ϫ1
. These errors are a small worry when studying massive binary stars, but we would still rather remove them and increase the possible observing targets.
The long-term stability of the instrument is tremendous. Figure 9 is a sample of spectra from 29 CMa (HD 57060) in the 5800 Å wave band, spread out over 2 yr of observations. The three features to the right are He i 5876 Å and the Na D interstellar lines (5889 and 5895 Å ). The two Na lines should have a relatively constant position, so they make an excellent tool for measuring the spectrograph stability. When the lines were fitted, their positions measured, and an error analysis performed, the result was very satisfying. After several grating swaps and thousands of grating rotations, the errors in the measurements were only 0.015 Å ; with a dispersion of 0.188 Å pixel Ϫ1 in this wave band, that means the spectra, after reduction, were accurate to within one-tenth of 1 pixel. This result is largely due to Th-Ar calibration collected on the CCD with the science spectra, so such a design feature should be considered for any spectrographs in the future.
CONCLUSION
The MTT/Newtonian-Ebert instrument has generated data for a variety of projects. These projects have mainly concentrated in the area of hot stars but have covered many topic areas. The instrument has been used by several graduate students in association with class projects and been the basis for two dissertations (Barry 1995; . See , Gies et al. (1996 Gies et al. ( , 1999 , Liu et al. (1997) , Riddle & Bagnuolo (1999) , Williams et al. (1999) , McSwain, Riddle, & Bagnuolo (2000) , and Bagnuolo et al. (2001) for a sample of MTT projects. The MTT has evolved from an experimental design to an efficient scientific instrument that can be easily used by any observer.
Modification of the classical Ebert-Fastie spectrograph has resulted in an improved spectrograph design that decreases the aberrations present in the older design while increasing the uniformity of the PSF across the FOV. The Newtonian-Ebert spectrograph has turned out to be a versatile instrument, readily usable for a wide variety of objects and projects. The radial velocity accuracy of the instrument is more than adequate for the spectroscopic projects of the MTT group. It is also a very simple design and well within the means of most astronomy groups, especially considering the cost of the instrument compared to most spectrographs.
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